Introduction
The uptake of amino acids in cancer cells is significantly faster than that in normal cells. It has been reported that balanced amino acid nutrients support tumor proliferation, whereas unbalanced amino acid nutrients suppress tumor cell proliferation. [1] [2] [3] Reduction of essential amino acids interferes with cellular metabolism and their functions, and inhibits tumor growth by inhibiting protein synthesis. 4, 5 Aminoacyl-tRNA synthetases (aaRSs) are highly conserved during the evolutionary process. In protein synthesis, aaRSs catalyze the assembly of amino acids to their respective tRNAs and play an important role in the maintenance of cell survival. 6, 7 These enzymes have also been shown to be promising targets in the development of antimicrobial agents 8 as well as in therapeutics against cancers and other diseases. 9, 10 Leucine is the most important amino acid in nutrients sensing through uncharged leucine-specific tRNA, 11 and leucyl-tRNA synthetase (LARS) is reported to be overexpressed in lung cancer cells. 12 The gene of LARS is homozygously amplified in 17% of kidney renal cell carcinoma and mutated/amplified in approximately 4% of malignant peripheral nerve sheet tumor, melanoma, and small cell lung carcinoma. 13 Also, this homozygously expressed gene was deleted in 3% of acute myeloid leukemia. 14 In addition, overexpressed mitochondrial LARS suppresses the A3243G mutation, which causes a number of human diseases, including tumorigenesis. 15 reagents, for example AN2690 (5-fluoro-1-hydroxy-1,3-dihydro-2,1-benzoxaborole), have been shown to be novel molecules possessing the antifungal ability. 17 Moreover, a series of AN2690 derivatives have shown different degrees of LARS inhibition in vitro. 18 However, whether LARS can serve as a target for anticancer drugs has not been thoroughly studied.
In this study, we have screened a small molecule inhibitor of LARS from a series of AN2690 derivatives, and this LARS inhibitor served as a probe to study the effects of LARS inhibition on cancer cell growth, cell cycle, signal pathway, and animal tumor model. Our study aimed to explore whether LARS may play a role as a potential target in oncotherapy.
Materials and methods cell culture
HOSE (human ovarian surface epithelial cells) were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). U2OS (human osteosarcoma cells), SKOV3 (human ovarian cancer cells), EMT6 (mouse mammary carcinoma cells), and 3T3 (mouse embryonic fibroblast cells) were purchased from the American Type Culture Collection (Manassas, VA, USA). The cell lines were cultured under conditions recommended by their respective depositors. Briefly, these five cell lines were all grown in Dulbecco's Modified Eagle's Medium (GIBCO, New York, NY, USA) and kept in a 5% CO 2 incubator at 37°C. Specifically, HOSE, U2OS, and SKOV3 cell lines were supplemented with 10% fetal bovine serum (Biowest, Nuaille, France) and 1% penicillin-streptomycin (Solarbio, Beijing, People's Republic of China), while EMT6 and 3T3 cell lines were supplemented with 0.5% fetal bovine serum and 1% penicillin-streptomycin. This study was approved by the Ethics Committee of Shanghai Jiao Tong University.
hslars and tblars expression
To obtain the Homo sapiens LARS (hsLARS) and Trypanosoma brucei LARS (tbLARS), total RNA was extracted from HOSE cells and T. brucei cells using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Entire coding cDNA fragments of hsLARS and tbLARS were amplified using AMV Reverse transcriptase XL (TaKaRa, Tokyo, Japan) and then subcloned into the multicloning site of pET21a (Novagen, Madison, WI, USA) and pcDNA3.1 (Invitrogen), respectively. The primer sets for amplification were as follows: forward, 5′-ATCGATATCATGGCGGAAAGAAAAG-3′ a n d r e v e r s e , 5′ -A T G G A T A T C A T G A A C C A G A TAGATTATTG-3′ (pET21a-hsLARS); forward, 5′-GGCTGGCATATGTCGACTGTACGAC-3′ and reverse, 5′-TTCGGATCCGCTGCCTTCTTGTC-3′ (pET21a tbLARS); forward, 5′-CGCGGATCCATGGCGGAAAGAAAAG-3′ and reverse, 5′-CCGCTCGAGAGCCGGATCTCAGTGG-3′ (pcDNA3.1-hsLARS). The expression of tbLARS and hsLARS was induced with 0.1 mM IPTG (Sigma, St Louis, MO, USA), and the proteins were purified using a His-Bind kit (Novagen).
Western blot and fluorescent microscopy analysis U2OS cells were cotransfected with pcDNA3.1-hsLARS and pcDNA3.1-enhanced green fluorescent protein (EGFP) in the ration of 0, 0.25, 0.5, 1, 2, 4, 8 and were transfected with pcDNA3-EGFP only. Transient transfection was carried out using a 25 kDa polyethylenimine reagent (Polysciences, Inc., Warrington, PA, USA) following the manufacturer's instructions. After 24 hours, both groups of transfected cells were mixed in a 1:1 ratio and treated with 100 μM hsLARSspecific or control inhibitors. Cells transfected with pDsRedMonomer served as an internal control. After another 24 hours of incubation, the green to red fluorescent cell ratios in each group were quantified by fluorescent microscopy with four random fields and compared with their own initial green/ red ratio. At least 200 cells per slide were counted. Meanwhile, U2OS cells were then lysed in NP-40 buffer (1% Np-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0) containing 1 mM phenylmethanesulfonyl fluoride. Whole cell lysates were resolved by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto nitrocellulose membrane (Pall, Port Washington, NY, USA). Blots were subsequently probed with primary antibodies including mouse anti-His monoclonal antibody (1:1,000, Biotech, Shanghai, People's Republic of China) and mouse anti-β-actin (1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight. Horseradish peroxidase-conjugated goat antimouse IgG antibody (1:10,000, MultiSciences Biotech, Hangzhou, People's Republic of China) was used as a secondary antibody and incubated for 40 minutes at 37°C. Visualization of blots was carried out using Ultra ECL kit (MultiSciences Biotech), and β-actin was used as a loading control.
aminoacylation assay
All compounds (AN2690 and its derivatives, compounds 1-6) were dissolved in dimethyl sulfoxide (DMSO), and the aminoacylation assay was performed as previously described. 19 Briefly, the experiments were performed in 70 μL reaction mixtures containing 50 mM HEPES-KOH (pH 7. 
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hslars as an anticancer target 10 μM Leu (PerkinElmer, Waltham, MA, USA), and 2 nM tbLARS (or hsLARS). The reaction mixture was incubated at 37°C for 20 minutes and then initiated by adding 4 mM adenosine triphosphate. After 20 minutes, three aliquots of 20 μL reaction solution were quenched on a Whatman qualitative filter with 5% trichloroacetic acid and washed three times with 95% ethanol. The filter was then dried under an infrared heat lamp, and the radioactivity of the precipitate was quantified using a scintillation counter (Beckman Coulter, Irvine, CA, USA).
MTT assay
Growth inhibition by compounds AN2690 and 1-6 were evaluated in vitro using MTT assays, 20 and in all our experiments whenever treated with these compounds, the same volume of DMSO was used as a blank control. The testing compounds were first dissolved in DMSO to a stock concentration of 100 mM. Compound stocks were further diluted with cell culture medium to the final concentration before cell treatment, and the maximum concentration of DMSO was 0.1%. U2OS and SKOV3 cells were plated onto 96-well plate at a density of 3×10 3 cells in 100 μL medium per well. After 24 hours of incubation, the medium was changed and supplemented with 100 mM compounds in DMSO, and the cells were incubated for another 48 hours. Then, 10 μL of 5 mg/mL MTT solution (pH 7.4, Sigma) was added to the plates. Formazan, as the product during the reaction, is liposoluble and cannot be dissolved in water. Therefore, after additional incubation for 4 hours, the MTT solution was removed and replaced with 150 μL DMSO for absorbance measurement. The 96-well plate was further incubated for 10 minutes at room temperature using a shaker at a low speed. The absorbance at 550 nm was recorded using a Microplate Reader 450 (Thermo, Menlo Park, CA, USA). Moreover, the compound concentration that caused 50% inhibition (IC 50 ) of U2OS cells was obtained by adding the compound with concentrations of 10, 25, 40, 55, 70, 85, and 100 μM in the culture medium. The compound with the strongest inhibitory ability was chosen as the LARS inhibitor.
Furthermore, the LARS inhibitor with concentrations of 3.2, 10, 25, 40, 55, and 70 μM was also added to the 96-well plate with EMT6 cells and 3T3 cells to analyze the inhibitory effect using MTT assay. Meanwhile, IC 50 values of the LARS inhibitor for EMT6 cells and 3T3 cells were calculated.
Detection of cell apoptosis
To further investigate the inhibitory mechanism of the LARS inhibitor identified, the effect of the LARS inhibitor was compared with cycloheximide (CHX) and actinomycin D (ActD), both of which are known to inhibit transcription and induce apoptosis. In detail, U2OS cells were treated with the indicated concentration of discovered inhibitor (40, 80 μM), ActD (0.1, 0.5 μM; Sigma), and CHX (0.35, 3.5 μM; Sigma) for 24 hours, respectively. Then, U2OS cells were stained with DAPI (Sigma) or propidium iodide (Solarbio) according to the manufacturer's instructions. Apoptosis of cells stained with DAPI was visualized under a fluorescent photometer (Olympus, Tokyo, Japan) at an excitation wavelength of 340-380 nm, while cells stained with propidium iodide were analyzed by a FACSCalibur (EPICS, BD Biosciences, San Jose, CA, USA) at a wavelength of 488 nm. ActD-treated cells served as an apoptosis control.
luciferase reporter assay
The luciferase reporter assay was further designed to explore the signaling pathway related to LARS inhibition. U2OS cells were cotransfected with pGL3-Basic-p21-promoter reporter and an internal control pcDNA3.1-β-galactosidase reporter, and the two reporters were in a 1:1 (w/w) ratio. The Con-transfected cells were subsequently treated with discovered indicator and CHX for 12 and 48 hours, respectively. Luciferase activity was detected with d-luciferin free acid, and β-galactosidase activity was measured by ortho-nitrophenyl-d-galactopyranoside hydrolysis using the β-Gal assay kit (Invitrogen) following the manufacturer's instructions. The cells cotransfected with empty vectors pGL3-Basic and pcDNA3.1 were taken as a blank control.
animal models
Female BALB/c mice (3-4 weeks old, ~25 g) were purchased from Shanghai Slac Laboratory Animal Co. LTD (Shanghai, People's Republic of China) and maintained in a sterile animal facility. Totally, 5×10
5 EMT6 cells were resuspended in 0.5 mL of phosphate-buffered saline and injected subcutaneously per animal with a syringe (n=20/ experiment). After 5 days, the inoculated mice were assigned to two treatment groups (six mice per group) according to the tumor size (diameter =5 mm). The LARS inhibitor was dissolved in DMSO, diluted in Poloxamer188 (Sigma), and administrated for nine consecutive days with 100 mg/kg or 0.5 mL volume by intraperitoneal injection. The tumor size was calculated according to the formula: tumor volume
, where L is the length and W is the width. Finally, the mice were euthanized when the tumor growth reached 15 mm.
All animal care and experimental protocols were approved by the Animal Care and Use Committee of Shanghai Jiao 
statistical analysis
Statistical analysis was performed with SPSS software (version 12.0.1; SPSS, Chicago, IL, USA). Data are represented as mean ± standard deviation from three independent experiments. The statistical comparisons were made by analysis of variance (ANOVA), and Newman-Keuls post hoc tests were applied when ANOVA values were significant. P0.05 was defined as statistically significant.
Results

Identification of human LARS inhibitors
To identify the inhibitory ability of the selected compounds, MTT assays were performed on U2OS and SKOV3 cells. As shown in Figure 1A , compounds 2 and 5 had inhibition rates above 50% against hsLARS enzymatic activity among the 7 compounds. Additionally, compound 2 could inhibit 50% cell growth for both U2OS and SKOV3 cells, and compound 5 showed weaker inhibited function than that of compound 2 ( Figure 1B) . Interestingly, compound 1 neither targeted hsLARS nor inhibited SKOV3 cells, while the compound had an off-target effect to kill U2OS cells. Further tests showed that compound 2 inhibited the proliferation of U2OS cells in a dose-dependent manner with IC 50 =66.8 μM ( Figure 1C) . Compound 2, a derivative of AN2690, was selected as the hsLARS inhibitor used in our study. Chemical structures of compound AN2690 and compound 2 are shown in Figure 1D .
The effect of compound 2 against intracellular lars on tumor cells
To confirm that the intracellular LARS was the major target of compound 2 for the inhibition of proliferation, the LARS-rescue experiment was performed. The expression of hsLARS showed that the protein expression level of hsLARS was increased in a dose-responsive manner with an increase in transfected pcDNA3-hsLARS ( Figure 2A ).
As shown in Figure 2B and C, a dose-responsive increase in the green/red ratio indicated that the increase of exogenously expressed hsLARS rescued the inhibited endogenous hsLARS, with an increased cell survival. Evidently, a dose-responsive increase in the green/red ratio after hsLARS rescue existed only in cells treated with hsLARS-specific compound 2, but not in cells treated with nonspecific compound 1, indicating that compound 2 targets to hsLARS, but compound 1 does not.
inhibition of lars-induced apoptosis and p21 activation in U2Os cells
To explore the potential mechanism for growth inhibition, the inhibitory effect of the LARS inhibitor was compared with that of ActD and CHX. After incubation for 24 hours, U2OS cells treated with compound 2 and ActD showed remarkable suppression in cell division. However, cells treated with CHX showed no evident sign of apoptosis. As shown in Figure 3A , cells treated with compound 2 showed condensed and fragmented nuclei, which is characteristic of the morphology of cells undergoing apoptosis and is similar to cells treated with ActD. A statistical comparison of the apoptotic rate is presented in Figure 3B . The apoptotic rate of cells treated with DMSO, as a negative control, was found to be 0.86%. Notably, the apoptotic rates were 4.77% and 7.16% in cells treated with 40 and 80 μM of compound 2, 
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hslars as an anticancer target respectively, which indicated a dose-dependent response. ActD induced apoptosis in a similar manner as compound 2, while CHX did not significantly induce apoptosis compared with DMSO control. Flow cytometry results ( Figure 3C and D) also showed that the cell apoptotic rate significantly increased in the LARS inhibitor-treated group, while CHX treatment had little influence on apoptosis.
To elucidate the cell signaling pathway of LARS inhibition, we investigated the change in p21 promoter activity using p21 promoter-driven luciferase assay. Figure 4 shows that the relative p21 promoter activity increased within 12 hours after being treated with compound 2 in a dosedependent manner. In contrast, CHX repressed p21 promoter activity in a dose-dependent manner. Nevertheless, both compounds 2 and CHX repressed p21 promoter activity in a dose-dependent manner after 48 hours of treatment.
lars inhibitor selectively inhibits fast growing tumor cells in vitro and in vivo
To assess whether the LARS-targeting inhibitor compound 2 can selectively inhibit tumor cell proliferation, we selected the EMT6 cells and 3T3 cells for further investigation. As shown in Figure 5A , compound 2 inhibited cell proliferation in a concentration-dependent manner, with significant differences between EMT6 and 3T3 cells. The IC 50 of compound 2 was 15 μM for EMT6 cells and 30 μM for 3T3 cells, suggesting that cancer cells (EMT6) were more sensitive than normal cells (3T3).
To determine the antitumor effect of LARS inhibitor in vivo, we have examined the effect of compound 2 in EMT6 transplant mouse model. As shown in Figure 5B , tumor growth was significantly suppressed from the ninth day in compound 2-treated mice compared with that in the control group. Nevertheless, no significant difference was observed in body weight loss between mice in the two groups within 14 days ( Figure 5C ), which indicates that compound 2 might has less side effects on the organisms.
Discussion
LARS has been successfully targeted in designing antimicrobial drugs. Currently, most of the drugs targeting aaRS concentrate on the anti-infective drugs, with antibacterial drugs being most prominent and followed by antifungal drugs. 21 In this study, LARS in HOSE cells has been successfully expressed to serve as a target for screening new hsLARS inhibitor in vitro. The cell proliferation was found to be suppressed by targeting intracellular LARS. In addition, hsLARS inhibition was demonstrated to activate p21 early transcription and promote cell apoptosis. Finally, hsLARS inhibition was shown to reduce the progression of implanted EMT6 tumor in mice. The aforementioned results indicated that LARS may be a potential target at the center of a crucial signaling pathway controlling cell metabolism and cell proliferation.
Previous studies have reported that lack of leucine is the most important nutrition-sensing mechanism through uncharged leucine-specific tRNA, signaling necessary for suppression of cell growth. 11, 22 Aminoacyl-tRNAs was the first product in protein biosynthesis, and inhibition of aminoacyl-tRNA synthesis is described to inhibit protein synthesis. 23 A study by Shin et al 12 demonstrated that knockdown LARS in lung cancer cells may reduce the cells' Figure 4 inhibition of lars regulates the transcriptional activity of the p21 promoter. Notes: U2Os cells were transfected with p21 promoter-driven luciferase reporter, with cotransfected pcDna3-β-gal as an internal control. The cells were treated with con, the lars inhibitor compound 2, or protein synthesis inhibitor chX for 12 hours (A), 48 hours (B). Abbreviations: chX, cycloheximide; con, DMsO control; DMsO, dimethyl sulfoxide; lars, leucyl-trna synthetase.
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gao et al ability to migrate and form colonies. LARS is reported to be overexpressed in cancer cells and is considered as a potential metabolic anticancer target. 10, 24, 25 In addition, the wide use of natural or synthetic anticancer drugs against metabolic pathways, such as 5-fluorouracil and taxol derivatives, suggests the selectivity of these antimetabolic drugs based on the nature of cancer cells whose proliferation relies on unregulated signaling pathways. In this study, the LARS inhibitor could significantly inhibit tumor cell proliferation by targeting intracellular LARS in a dose-dependent manner, which suggests that LARS may be a potential anticancer target.
LARS is known to interact with AIMP1 and other multifunctional proteins. 26 In genotoxic damage, these multifunctional proteins were found to activate the p53 activity 27, 28 and then regulate the expression of p21 protein. Protein p21 has been recognized as a critical mediator through which p53 inhibits human neoplasia. By observing p53-dependent G 1 arrest, p53 expression was found to be completely abrogated in p21-deficient cells. 29 Despite its profound role in promoting antiproliferation and p53 tumor suppressor pathway, p21 is also involved in promoting carcinogenesis and tumor progression. 30 Consequently, p21 is often misregulated in human cancers, and the gene plays a role as a tumor suppressor or as an oncogene, depending on the cellular context and circumstances. On the other hand, as CHX inhibits protein synthesis by interfering with the translocation step in protein synthesis including p21 protein, p21 expression is predicted to be inhibited during treatment by LARS inhibitors. In this study, compound 2 was found to have an early induction of p21 expression, indicating the protective signaling of cell starvation at 12 hours treatment. The repression of p21 expression at 48 hours suggests general repression of protein synthesis at a later time. Moreover, compound 2 was shown to induce apoptosis in a dosedependent manner within 24 hours. Meanwhile, the CHX, as a protein synthesis inhibitor, did not lead to activation of p21 signal transduction pathway, but inhibited protein synthesis in a dose-dependent manner. Therefore, we suggest that the performance of the LARS inhibitor is quite different from that of the general inhibitors of protein synthesis such as CHX. Moreover, the inhibition of LARS caused an increase in uncharged leucine-specific tRNA, which triggered a chain of malnutrition signaling despite a normal supply of leucine 
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hslars as an anticancer target in cells. The performance of compound 2 in human cancers might be due to the misregulation of p21, while the precise way needs to be studied further.
Taken together, our results show that inhibition of LARS may reduce the proliferation of cancer cells through the p21 signaling pathway and cause apoptosis. In addition, treatment with the LARS inhibitor significantly reduces the implanted tumor growth in an animal model. Our findings suggest that LARS may serve as a potential anticancer target and that the nutritional signaling pathway may provide valuable anticancer targets, leading to novel anticancer therapeutics.
